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The role of tensor force on the collision dynamics of 16O+16O is investigated in the framework of a fully three-dimensional time-
dependent Hartree-Fock theory. The calculations are performed with modern Skyrme energy functional plus tensor terms. Particular
attention is given on the analysis of dissipation dynamics in heavy-ion collisions. The energy dissipation is found to decrease
as an initial bombarding energy increases in deep-inelastic collisions for all the Skyrme parameter sets studied here because of
the competition between the collective motion and the single-particle degrees of freedom. We reveal that the tensor forces may
either enhance or reduce the energy dissipation depending on the different parameter sets. The fusion cross section without tensor
force overestimates the experimental value by about 25%, while the calculation with tensor force T11 has good agreement with
experimental cross section.
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1 Introduction
The tensor force has been extensively involved in the stud-
ies of nuclear structure properties in recent years. The mean-
field calculations have demonstrated the importance of tensor
force in the description of ground-state properties, for exam-
ple, the spin-orbit splitting [1, 2] and the appearance of new
magic numbers in neutron-rich nuclei [3]. The experimen-
tal isospin dependence of the single-particle energies in the
chains of Z = 50 isotopes and N = 82 isotones has been well
accounted for when the tensor interaction is involved [1]. The
Hartree-Fock plus random phase approximation (HF+RPA)
calculations have shown that the tensor force has a notable
impact on the half-life of β decay [4] and the magnetic dipole
excitation not only due to the changes of the spin-orbit split-
ting, but also its RPA correlations [5]. The Gamow-Teller
and charge exchange spin-dipole excitations in 90Zr and 208Pb
have also been studied elsewhere [6, 7]. In the framework of
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shell model, Otsuka et al. [8–10] have revealed the crucial
role of tensor force in the shell evolution of exotic nuclei.
In spite of these indications in nuclear structure studies,
few studies have been performed to explore the role of ten-
sor force in heavy-ion collisions. Most theoretical models
in the description of heavy-ion fusion reactions and deep-
inelastic collisions have neglected the tensor component. Be-
cause of the complex interplay between collective motion and
single particle degrees of freedom, it is reasonable to expect
that some experimental observables should be strongly sensi-
tive to the tensor force in heavy-ion collisions. The primary
purpose of this paper is to investigate the effects of tensor
force on dissipation dynamics and fusion cross section in the
framework of a fully microscopic time-dependent Hartree-
Fock (TDHF) theory.
TDHF theory has been widely applied to the studies of
heavy-ion collisions and resonance dynamics (see reviews
elsewhere [11,12]). It provides a useful foundation for a fully
microscopic many-body theory of large amplitude collective
motion. In mean-field dynamics the collective kinetic energy
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is converted into the internal degrees of freedom by means
of one-body dissipation mechanism. The two-body dissipa-
tion, which was included in quantum molecular dynamics
models [13–15], has been neglected within the framework
of mean-field theory. The tensor force has been recently in-
cluded in TDHF calculations of heavy-ion collisions [16] and
resonance dynamics [17]. The time-even contribution of the
tensor force was found to become more important in heavy-
ion collisions as the increase of the mass of the colliding sys-
tems [16]. The full expression of tensor force was suggested
by Fracasso et al. [17] to study the resonance dynamics.
Earlier TDHF calculations imposed the various approxi-
mations on the effective interaction and geometric symmetry,
which caused the systematic underestimation of one-body en-
ergy dissipation. The development of computational power
allows a fully three-dimensional TDHF calculation with the
modern effective interaction and without symmetry restric-
tions. This significantly improved the physical scenario and
excited the renewed interests of the studies in heavy-ion colli-
sions [18–28] and resonance dynamics [29–34]. The present
paper also manages the modern 3D TDHF calculatoins to in-
vestigate the effect of tensor force on the one-body dissipa-
tion mechanism. Herein we first briefly review the TDHF the-
ory and the tensor force. Then, we illustrate the role of tensor
force on the dissipation dynamics and fusion cross section, as
well as the comparison with experimental data.
2 Theoretical framework
Most TDHF calculations employ the Skyrme effective inter-
action [35]. The Skyrme parameter sets which are widely
used in TDHF calculations do not include the tensor contri-
bution, although the tensor component is present in the origi-
nal Skyrme force. The zero-range tensor terms of the Skyrme
force can be expressed as thus:
vT (r) = T2
{[(
σ1 · k′
) (
σ2 · k′
)
−
1
3
(σ1 · σ2) k′2
]
δ (r)
+ δ (r)
[
(σ1 · k) (σ2 · k) − 13 (σ1 · σ2) k
2
]}
+ U
{(
σ1 · k′
)
δ (r) (σ2 · k) − 13 (σ1 · σ2)
(
k′ · δ (r) k)
}
, (1)
where r = r1 − r2, and the operator k = (∇1 − ∇2)/2i acts on
the right and k′ = −(∇1 − ∇2)/2i acts on the left. The cou-
pling constants T and U denote the strength of triplet-even
and triplet-odd tensor force, respectively.
The mean-field Hamiltonian includes the effective mass,
the spin scalar, spin vector, current, and spin-orbit potentials
as shown by Bonche et al. [36]. The spin-orbit potential is
given by
hs.o.q = iWq(r) · (σ × ∇) , (2)
where the index q denotes protons and neutrons, and σ is
the Pauli matrix. The tensor force leads to a modification of
Wq(r) as:
Wq(r) = 12 t4
(
∇ρ + ∇ρq
)
+
(
αJq + βJ′q
)
, (3)
where the first term on the right hand side comes from the
Skyrme spin-orbit interaction and the second term includes
both the central exchange and the tensor contributions, that
is, α = αC + αT and β = βC + βT . The central exchange
contributions:
αC =
1
8
(t1 − t2) − 18 (t1 x1 + t2x2) , (4)
βC = −
1
8
(t1x1 + t2x2) , (5)
are written in terms of the usual Skyrme parameters. The
tensor contributions:
αT =
5
12
U, (6)
βT =
5
24
(T + U), (7)
are expressed in terms of the strengths of tensor force.
The parameters of tensor force have been either fitted on
top of the existing Skyrme parameter sets or involved by re-
fitting the full set of Skyrme parameters on the same footing.
In order to see the force dependence, we employ the usual
Skyrme parameter set plus the tensor force SLy5+T [1], and a
series of new parametrizations TIJ [37] to investigate the dis-
sipation dynamics in heavy-ion collisions. These parameters
used herein are shown in Table 1. Here the Skyrme parameter
sets have been fitted with the nuclear ground state properties
and no free parameters have been adjusted on the reaction
dynamics. Note that the inclusion of time-even tensor contri-
bution alone breaks Galilean invariance, which will cause the
appearance of spurious excitation [38, 39]. This was noted in
the TDHF calculations when neglecting time-odd spin-orbit
interaction [39].
TDHF equation is expressed as the time evolution of oc-
cupied single-particle wave functions:
i~
∂φi(t)
∂t
= h[ρ(t)]φi(t). (8)
The many-body wave functions are approximated as the an-
tisymmetrized independent particle states to assure an exact
treatment of Pauli principle during time evolution. Taking the
nuclear ground state as an initial wave function, TDHF time
evolution is determined by the dynamical unitary propagator.
Note that TDHF theory deal with the nuclear structure and
dynamics in a fully consistent manner.
The set of nonlinear TDHF equation is solved on a three-
dimensional Cartesian coordinate-space without any sym-
metry restrictions. We use the fast Fourier transformation
method to calculate the derivatives. The numerical calcu-
lations are performed with nx=32, ny=24, and nz=24 mesh
points along the x, y and z axis, respectively, for the light sys-
tem 16O+16O. The nuclei start at an initial distance d0 =16 fm
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along the x axis. The conservation of total energy and parti-
cle number is assured during the time evolution by choosing
the parameters of grid spacing ∆r=1 fm and time step ∆t=0.2
fm/c.
We also carry out the fusion calculations for the 16O+16O
system. For each energy, the fusion cross section is obtained
by the sharp-cutoff formula [40] as thus:
σfus =
2pi
k2
∑
l
(2l + 1),
≈ pi(b2max − b2min), (9)
where k is the wave number for the relative motion and the
sum is over all even partial waves for which fusion happens.
The quantities bmax and bmin represent the maximum and min-
imum impact parameters at which fusion occurs.
3 Results and Discussion
The three-dimensional TDHF calculations for heavy-ion
collisions of 16O+16O have been performed with modern
Skyrme energy functional plus tensor terms. The present
study does not impose any symmetry restrictions in the cal-
culations. Several groups have studied this system using the
TDHF theory on fusion, deep-inelastic collision, and the re-
lated dissipation mechanisms [39–46]. Recently we clar-
ified the impact of the omitted Skyrme terms and the im-
posed geometric symmetries in earlier TDHF calculations on
the reaction dynamics for the 16O+16O system [47]. It is
demonstrated that the sensitivity of earlier calculations on the
Skyrme parametrizations is because of the various approxi-
mations on the effective interaction and geometric symme-
try. Therefore, the studies of tensor-force effects based on
the modern TDHF calculations are expected to provide new
insight on the dissipation dynamics.
One of the most noteworthy experimental observable in
heavy-ion scattering is the relative kinetic energy of the sep-
arating ions. Figure 1 shows the final relative kinetic energy
of the separating ions as a function of initial center of mass
(c.m.) energy for head-on collisions of 16O+16O. The lines
with different colors denote the calculations with six Skyrme
parameter sets. Note that the Skyrme energy functional with
SLy5 does not take into account the tensor contribution, while
the other five parameter sets in Fig 1 include the tensor com-
ponent. The energy range studied here is from the threshold
of inelastic scattering to an initial c.m. energy of 200 MeV.
From Fig. 1, we can observe that the final kinetic energy in-
creases as the initial energy for all the six Skyrme parame-
ter sets, and yet there gradually appears distinct discrepancy
among the final kinetic energies as the increase of initial en-
ergy. The calculations with parameter set T11 give rise to the
largest final kinetic energy and T33 with the smallest energy.
It may be expected that the energy dissipation with T33 will
be the most notable, and the most weak with T11 among the
six parameter sets. Because the strong dissipation leads to the
higher threshold of inelastic scattering [42], the threshold en-
ergy would be lowest for T11 and highest for T33 as shown
in Fig 1.
In order to illustrate the energy dependence of dissipation
dynamics, a quantity which measures the extent of energy
dissipation in deep-inelastic collisions is defined as Pdis =
1 − Efin/Ec.m., where Efin and Ec.m. denote the final and ini-
tial kinetic energy, respectively. Figure 2 plots the percentage
of energy dissipation as a function of initial c.m. energy for
head-on collisions of 16O+16O using the six Skyrme parame-
ter sets. For all the cases the energy dissipation decreases as
the incident energy increases. This behavior of energy dissi-
pation, as clarified by Dai et al. [47], is because of the compe-
tition of collective motion and single-particle degrees of free-
dom. By comparing the results without tensor force (SLy5)
and with tensor (the other five parameter sets), we found that
the tensor contribution may either increase or decrease the
energy dissipation in heavy-ion collisions depending on the
parameters of tensor force. Since the spin-orbit density Jq
and J′q shown in Eq. (3) are similar for collisions between
N = Z nuclei, the force parameter dependence mostly arises
from the sum of α and β. With the small value of |α + β|, the
small contribution to the spin-orbit potential in Eq. (3) results
in the small effect of tensor force on the energy dissipation,
as the cases of SLy5+T, T13 and T31. Conversely, the large
value of |α + β| gives rise to the strong effect on the energy
dissipation as T11 and T33. From the comparison of the re-
sults with SLy5 and SLy5+T, the tensor force with negative
α+β enhances the energy dissipation. This is consistent with
the analysis of entrance channel dynamics as suggested by
Iwata and Maruhn [16]. However, for the TIJ parameter sets
it is hard to compare the contributions arising from the tensor
force because both the usual Skyrme and tensor parameters
have been fitted by using a full variational procedure. We
also observe that the energy dissipation is quite sensitive to
the value of β. The larger value of β results in the larger en-
ergy dissipation. For the case with the same value of β, the
larger value of α causes the larger dissipation.
The fusion calculations for the 16O+16O system have been
carried out at a c.m. energy of 70.5, where the experimental
data is available. In light systems the reaction cross section
is approximately equal to fusion cross section due to the high
fission barrier, therefore the TDHF results and experimental
data can be compared. At high collision energy, there usu-
ally appears central transparency predicted in TDHF calcula-
tions and the lower limit of orbital angular momentum will
be nonzero. Hence, both the maximum and minimum impact
parameter bmax and bmin at which fusion occurs are searched
within an interval of 0.1 fm. Table 2 shows the fusion cross
section using the six Skyrme parameter sets at a c.m. en-
ergy of 70.5 MeV, and the experimental reaction cross sec-
tion with errors [48]. The fusion cross section without the
tensor force (SLy5) overestimates the experimental value by
about 25%. Note that TDHF has no free parameters adjusted
for the reaction dynamics. Since the strong dissipation re-
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sults in an enhanced cross section, as we expected, the cross
section is enhanced for SLy5+T, T31 and T33 and reduced
for T11 and T13 when the tensor correlation has been taken
into account. For T11 a small fusion window with bmin=2.3
fm and bmax=6.5 fm results in the smallest fusion cross sec-
tion. The good agreement between the result with parameter
set T11 and experimental data suggests that T11 might be a
good choice among the large number of tensor parameter sets
to study the heavy-ion collision dynamics.
4 Conclusions
We have investigated the effect of tensor force on the dis-
sipation dynamics and fusion cross sections in heavy-ion
collisions of 16O+16O within the framework of the micro-
scopic TDHF theory. The calculations have been imple-
mented in a fully three-dimensional coordinate space with
modern Skyrme energy functional plus tensor terms. The
dissipation dynamics exhibits a universal behavior for all the
Skyrme parameter sets studied here. We revealed that the en-
ergy dissipation in deep-inelastic collisions of the light sys-
tems decreases as an initial bombarding energy increases be-
cause of the interplay between the collective motion and the
single particle motion. The energy dissipation is sensitive to
the parameters of tensor force. The large value of |α + β|
results in the strong effect of tensor force on the energy dissi-
pation. The tensor force may either increase or decrease the
energy dissipation depending on the different parameter sets.
We also performed the fusion calculations for 16O+16O at a
c.m. energy of 70.5 MeV. The cross section without the ten-
sor force using SLy5 overestimated the experimental value
by about 25%, while the calculations with tensor force T11
had good agreement with experiment. We can conclude that
the tensor force is crucial in heavy-ion collisions of light sys-
tems with respect to the energy dissipation and fusion cross
section.
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Table 1 The parameters of central exchange and tensor contributions as well
as the α and β values. All values are in MeV · fm−5.
Force αT βT αC βC α β
SLy5 0.0 0.0 80.2 −48.9 80.2 −48.9
SLy5+T −170.0 100.0 80.2 −48.9 −89.8 51.1
T11 −142.8 −17.5 82.8 −42.5 −60.0 −60.0
T13 −21.6 −15.1 81.6 −44.9 60.0 −60.0
T31 −159.4 74.2 99.4 −14.2 −60.0 60.0
T33 −40.8 71.1 100.8 −11.1 60.0 60.0
Table 2 Calculations of fusion cross section for 16O+16O at Ec.m. = 70.5
MeV using six Skyrme parameter sets, and the experimental data with
errors [48].
Force σfus (mb)
SLy5 1307
SLy5+T 1327
T11 1161
T13 1265
T31 1326
T33 1327
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Figure 1 (Color online) The final relative kinetic energy plotted as a
function of initial c.m. energy for head-on collisions of 16O+16O. The
lines with different colors represent the calculations with the six Skyrme
parameter sets.
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Figure 2 (Color online) Percentage of energy dissipation as a func-
tion of initial c.m. energy for head-on collisions of 16O+16O with the
six Skyrme parameter sets.
